ADPglucose synthetase was determined. The glgC structural gene contains 1,293 base pairs, having a coding capacity of 431 amino acids. The amino acid sequence deduced from the nucleotide sequence shows that the molecular weight of ADPglucose synthetase is 45,580. Previous results of the total amino acid composition analysis and amino acid sequencing (M. Lehmann and J. Preiss, J. Bacteriol. 143:120-127, 1980) of the first 27 amino acids from the N terminus agree with that deduced from nucleotide sequencing data.
ADPglucose synthetase (EC 2.7.7.27) is an allosteric enzyme in the glycogen biosynthetic pathway of eubacteria (23, 24) . Among the enteric bacteria, ADPglucose synthetase is activated by glycolytic intermediates with fructose 1,6- bisphosphate as the activator and AMP, ADP, and Pi as inhibitors (23) . The enzyme catalyzes the synthesis of ADP glucose from glucose 1-phosphate and ATP in the reaction glucose 1-phosphate + ATP ADPglucose + PPi. This reaction is the first unique step in bacterial glycogen biosynthesis.
In Escherichia coli, the structural genes for ADPglucose synthetase (glgC), glycogen synthase (glgA), and branching enzyme (glgB) are mapped at 75 units on the genetic map, flanked by the asd (aspartic semialdehyde dehydrogenase) and glpD (glycerol phosphate dehydrogenase) genes (1) . Okita et al. (20) have cloned the structural genes of glycogen biosynthetic enzymes of E. coli K-12 into the PstI site of pBR322, and the nucleotide sequences of the glgC (2), glgB (3) , and gigA genes (10) have been determined. Salmonella typhimurium, being closely related to E. coli, shows a lot of similarities in glycogen biosynthesis (12) . The ADPglucose synthetases of E. coli and S. typhimurium are similar in that (i) they have similar subunit and native molecular weights; (ii) they have the same spectrum of activators and inhibitors; (iii) they have immunological cross-reactivity; (iv) of the first 27 amino acids in the N terminus 25 are identical; (e) genetically, the glg genes of both are clustered around 75 units on their genetic maps and are cotransducible with asd and glpD genes (28) . Recently, we have cloned the glgC and glgA genes from S. typhimurium (14) . This paper is a report of the nucleotide sequence, the deduced amino acid sequence, and codon usage pattern of ADPglucose synthetase from S. typhimurium. Its deduced amino acid sequence and amino acid composition are compared with those of E. coli ADPglucose synthetase.
MATERIALS AND METHODS
Bacteria, phage strains, and plasmids. The bacteria, phage strains, and plasmids used in this study are as follows: E. coli K-12 JM101 [supE thi A(lac-proAB) F' traD36 proAB lacIq AM1S], E. coli K-12 JM103 [supE thi A(lac-proAB) strA endA sbcA hsdR F' traD36 proAB lacIq AM15]; bacteriophages M13 mp8, 9, 10, and 11 (17) ; and plasmid pPL301, which contains the S. typhimurium glgC and glgA genes on a 5.8-kilobase-pair insert on the SalII site of pBR322 (14) .
Media, commercial enzymes, and chemicals. Luria broth, YT medium, and YT soft agar were prepared as described previously (14, 18 of the glgC gene product is 45,580 and is in accordance to the value of 48,000 reported by Lehmann and Preiss (12) . The amino acid sequence of ADPglucose synthetase was deduced from the nucleotide sequence data (Fig. 2) . Previous results of amino acid sequencing of the first 27 amino acids from the N terminus agree with predictions from nucleotide sequencing data. The total amino acid composition determined from the deduced amino acid sequence (Table 1 ) is in accordance with the total amino acid composition data determined by acid hydrolysis and reported by Lehmann and Preiss (12) . Most (27) of AGGAG at 11 bases upstream from the translational start site of glgC. Deduced amino acid sequence data, which agree with the C-terminal analysis of the S. typhimurium ADPglucose synthetase (11) and the N-terminal amino acid sequence data of the E. coli glycogen synthase (6) (25, 28) . The cloning of glgC and glgA genes on the same DNA fragment and the finding of the translational start of glgA follows immediately after the glgC translational stop support the genetic mapping results reported by Steiner and Preiss (28) .
The G+C content of the S. typhimurium glgC gene is 52% and is in accordance with the average value of G+C content of 50 to 53% of the enteric bacteria and the average value of G+C value of 52% of the total S. typhimurium genome reported by Normore and Brown (19) .
Codon usage. The codon usage of the S. typhimurium glgC gene is shown in Table 2 . The codon usage is not random. There are preferences of CTG over CTT, CTC, and CTA for leucine; GTG over GTT, GTC, and GTA for valine; ACG over ACT, ACC, and ACA for threonine; CCG over CCT, CCC, and CCA for proline, AAA over AAG for lysine; CAG over CAA for glutamine; GAA over GAG for glutamic acid; GAT over GAC for aspartic acid; and GCC and GCG over GCT and GCA for alanine. Pyrimidine nucleotides are preferred at the wobble position of isoleucine, arginine, and glycine; G is preferred at the wobble position of leucine, valine, threonine, and glutamine; and G and C are preferred at the wobble position of valine and alanine. Besides, for isoleucine ATA is used only once, whereas ATT and ATC are used at approximately the same frequency. Similar codon usage pattern have been reported in the araB, araA, and araD genes of S. typhimurium LT2 (15, 16) . Grosjeans and Fiers (4) suggested a general rule of codon usage in frequently expressed genes and rarely expressed genes in E. coli. It is correlated with the abundance of transfer RNA species and the occurrence of the respective codons in the structural genes (7, 8) .
Interestingly, codons that were used only once, CGG for arginine, AGA for arginine, and ATA for isoleucine, are all clustered in amino acids residues 353 to 356. Moreover, CTC for isoleucine, which is used only twice, is at amino acid residue 350. The clustering of these rarely used codons around a certain area of the protein may serve to regulate the expression of the protein at the translational level. The relative abundance of these tRNA species may reflect the metabolic condition of the cell and hence may be a signal governing the expression of the protein.
Comparison of nucleotide sequences and deduced amino acid sequences of S. typhimurium and E. coli glgC genes. There is 80% homology in nucleotide sequence between E. coli and S. typhimurium glgC genes, showing that they have very similar codon usage. Moreover, it is interesting to note that in both bacteria the first base of the translational start of glgA (ATG) overlaps with the third base of the translational stop (TAA) of glgC (Fig. 2) .
The deduced amino acid sequences of the S. typhimurium and E. coli glgC genes are compared in Fig. 3 . There is 90% homology in their deduced amino acid sequence, and most of the changes are conservative. Of 45 differences in their amino acid sequences, 16 involve only one base change, 25 involve two base changes, and only 4 of them involve three base changes. Lehmann and Preiss (12) reported that ADPglucose synthetases from E. coli and S. typhimurium differ in their first 27 amino acid residues in the N terminus at residues 9 and 10. There was some uncertainty about residue 17 because gas chromatography and thin-layer chromatography indicated that it is glutamic acid, whereas backhydrolysis of the phenylthiohydantion derivative showed that it may be glutamic acid or proline (12) . Our results from nucleotide sequencing showed that amino acid residue 17 is proline in the S. typhimurium enzyme. The two differences in amino acid residues 9 and 10 among ADPglucose synthetase are histidine in E. coli to arginine in S. typhimurium at residue 9 and leucine in E. coli to valine in S. typhimurium at (21, 22) , and Kappel and Preiss (9) . The similar features in the primary structure of ADPglucose synthetase in E. coli and S. typhimurium suggest that their mechanism in fructose bisphosphate activation is very similar if not identical.
Inhibitor and substrate binding sites in the glgC enzyme were also studied with azido-AMP and azido-ATP analogs (11) and was shown to involve specifically tyrosine residue 114. This tyrosine residue is also conserved in the E. coli and S. typhimurium enzymes. Moreover, the amino acid sequence upstream and downstream from the tyrosine residue is highly conserved without a single change in amino acid sequence.
Lysine residue 195 of the E. coli ADPglucose synthetase was shown to be an ADPglucose-protected site of the enzyme from inactivation by reductive phosphopyridoxylation by Parson and Preiss (21) . Modification by pyridoxal phosphate on the lysine residue was blocked by incubation with the substrate ADPglucose. Therefore, this region was suggested to be involved in the binding of ADPglucose or ATP. This lysine residue is also conserved in the S. typhimurium enzyme.
